■ Behavioral inhibition and performance monitoring are critical cognitive functions supported by distributed neural networks including the pFC. We examined neurophysiological correlates of motor response inhibition and action monitoring in patients with focal orbitofrontal (OFC) lesions (n = 12) after resection of a primary intracranial tumor or contusion because of traumatic brain injury. Healthy participants served as controls (n = 14). Participants performed a visual stop signal task. We analyzed behavioral performance as well as event-related brain potentials and oscillations. Inhibition difficulty was adjusted individually to yield an equal amount of successful inhibitions across participants. RTs of patients and controls did not differ significantly in go trials or in failed stop trials, and no differences were observed in estimated stop signal RT. However, electrophysiological response patterns during task performance distinguished the groups. Patients with OFC lesions had enhanced P3 amplitudes to congruent condition go signals and to stop signals. In stop trials, patients had attenuated N2 and error-related negativity, but enhanced error positivity. Patients also showed enhanced and prolonged post-error beta band increases for stop errors. This effect was particularly evident in patients whose lesion extended to the subgenual cingulate cortex. In summary, although response inhibition was not impaired, the diminished stop N2 and ERN support a critical role of the OFC in action monitoring. Moreover, the increased stop P3, error positivity, and post-error beta response indicate that OFC injury affected action outcome evaluation and support the notion that the OFC is relevant for the processing of abstract reinforcers such as performing correctly in the task. ■
INTRODUCTION
Performance monitoring and inhibition of prepotent responses are fundamental aspects of cognitive and motor control and prerequisites for dynamic context-dependent adjustments of behavior. pFC recruits and acts in concert with subcortical and posterior cortical areas in the service of higher-order control. There is increasing evidence that pFC regions, such as ventromedial, dorsomedial, and lateral pFC, contribute differentially to cognitive control processes (Sharp et al., 2010; Rubia, Smith, Brammer, & Taylor, 2003) . Recent animal as well as human behavioral and neuroimaging studies suggest that OFC is concerned with monitoring and evaluation of performance outcomes (Noonan, Kolling, Walton, & Rushworth, 2012; Jung et al., 2011; Ursu & Carter, 2005) , likely in cooperation with dorsomedial pFC (Rushworth, Noonan, Boorman, Walton, & Behrens, 2011) . In addition, human lesion studies point to a critical role of OFC in inhibitory control and decisionmaking as extensive damage in this area often leads to impaired real-life decision-making, reduced concern for negative action outcomes, dysregulated affect, and decreased impulse control (Berlin, Rolls, & Kischka, 2004; Stuss & Levine, 2002; Bechara, Damasio, & Damasio, 2000) . This study investigated the impact of focal OFC damage on response inhibition as well as action monitoring and evaluation using a challenging motor inhibition task.
Response inhibition is commonly studied using go/ no-go or stop signal paradigms. In the go/no-go task, the participant is asked to rapidly respond to frequent go signals and to inhibit responding to low-probability no-go signals. The stop signal task (SST; Logan, Cowan, & Davis, 1984) puts a much higher load on inhibitory control as it requires the sudden cancellation of an already initiated motor response, whenever a stop signal is presented shortly after a go signal. Participants have greater difficulty cancelling their response when a stop signal is presented close to the time of response execution than when it is presented shortly after the go signal. Stop signal performance can be modeled as a race between the go and stop processes with the success or failure of response inhibition depending on the relative finishing time of these two processes. The horse race model (Logan et al., 1984) allows one to estimate the latency of the stop process, that is, the stop signal RT (SSRT; Band, van der Molen, & Logan, 2003; Logan et al., 1984) . The model provides a good account for SST performance across a range of experimental contexts and patient groups (Verbruggen & Logan, 2009a) . The SST has been shown to be sensitive for altered inhibitory control in clinical populations such as patients with attention deficit hyperactivity disorder (Senderecka, Grabowska, Szewczyk, Gerc, & Chmylak, 2012; Rubia, Oosterlaan, Sergeant, Brandeis, & v Leeuwen, 1998) , obsessive-compulsive disorder (Krikorian, Zimmerman, & Fleck, 2004) , or patients suffering from Parkinsonʼs disease (Gauggel, Rieger, & Feghoff, 2004) .
Neuroimaging studies with healthy humans performing in the SST point to a predominantly right-lateralized network that encompasses dorsolateral and inferior frontal cortex, anterior cingulate gyrus, pre-SMA, inferior parietal lobe, and subcortical structures such as the subthalamic nucleus (STN; Chikazoe, 2010; Rubia et al., 2001 Rubia et al., , 2003 . On the basis of fMRI and diffusion tensor imaging data, a three-node network involving the right inferior frontal gyrus (IFG), the pre-SMA, and the STN has been suggested as critical for response inhibition (Aron, Behrens, Smith, Frank, & Poldrack, 2007) . Others have argued that signals of response conflict, uncertainty, or difficulty such as in stop trials activate ACC and pre-SMA, which then excite the STN and thereby inhibit motor output (Munakata et al., 2011) . In this framework, the role of the right IFG is seen in maintaining context information about and monitoring the environment for task-relevant stimuli.
Electrophysiological studies of the SST or the go/no-go task typically found enhanced frontocentral N2 and P3 components in stop or no-go trials, but there is continuing debate about the functional significance of these effects (Huster, Enriquez-Geppert, Lavallee, Falkenstein, & Herrmann, 2013) . It has been suggested that the no-go N2 indexes an early mechanism of inhibitory control ("red flag signal") originating in pFC, which triggers the motor inhibition (Kok, 1986) . One study reported a right frontal N2 that was enhanced for successful relative to unsuccessful inhibitions in the SST (Schmajuk, Liotti, Busse, & Woldorff, 2006) , possibly reflecting right IFG activity. Other studies, however, observed a frontocentrally maximal N2, possibly generated in ACC or pre-SMA, that was larger on unsuccessful than successful stop trials (Ramautar, Kok, & Ridderinkhof, 2006) or did not differ between these conditions (Krämer, Knight, & Münte, 2011) . It is still debated whether the stop N2 reflects an inhibitory process or a more general conflict-monitoring process (Huster et al., 2013) . The above-mentioned framework of Munakata et al. might reconcile these two views on the stop N2 (Munakata et al., 2011) . They argue that conflict signals activate the pre-SMA and/or ACC, possibly generating the stop N2, which then inhibit the motor system via the STN. Taken together, despite clinical observations of impulsive behavior in patients with OFC damage (Bechara et al., 2000) , imaging or electrophysiological studies provide no clear evidence for a particular role of the OFC in motor inhibition.
The stop N2 is succeeded by a positive polarity P3 component typically showing greater amplitudes for no-go relative to go signals. The stop P3 has been associated with the evaluation of the outcome of the inhibitory process rather than with the response inhibition itself because it is seen after the time of failed inhibitions and the SSRT (Kok, Ramautar, De Ruiter, Band, & Ridderinkhof, 2004) . The stop P3 is sometimes enhanced in successful compared with unsuccessful stop trials in healthy adults, often over frontal sites (Dimoska, Johnstone, & Barry, 2006; Kok, 1986) . The stop P3 is proposed to originate in ACC and to be modulated by dopaminergic genes (Krämer et al., 2007) .
In this study, we were interested in the role of the OFC not only in response inhibition but also in action monitoring and evaluation. To address this, we examined both electrophysiological and behavioral indices of action outcome evaluation and adaptive processes after errors. As noted, the stop P3 is assumed to be one such marker of evaluation of inhibitory success (Kok, 1986) . Prominent neurophysiological correlates of error-monitoring are the error-related negativity (ERN) and the error positivity (Pe; Gehring, Goss, Coles, & Meyer, 1993; Falkenstein, Hohnsbein, Hoormann, & Blanke, 1990) . The ERN is a frontocentral negativity peaking around 80 msec after action errors and is proposed to be generated in ACC. The Pe occurs around 300 msec after errors and is believed to reflect awareness and affective evaluation of an error (Overbeek, Nieuwenhuis, & Ridderinkhof, 2005) . Recent studies have also examined changes in oscillatory activity related to action monitoring. These studies reported an increase in the theta range after errors compared with correct responses (Marco-Pallares, Camara, Münte, & Rodriguez-Fornells, 2008; ), supposedly reflecting midfrontal activity.
A behavioral index of performance monitoring and adjustment of responses after failed inhibitions in the SST is post-stop error slowing, that is, slower responses in go trials after a failed inhibition. This might reflect a response strategy adjustment after failed stop trials to increase the probability of inhibiting in the next stop trial (Verbruggen & Logan, 2009b) . However, studies also indicate that stimulus repetition effects and negative priming might contribute to behavioral changes after stop trials (Verbruggen, Logan, Liefooghe, & Vandierendonck, 2008) . Stimuli that have been associated with a stop signal in the previous trial will lead to slower response activation in the present trial, but no behavioral adaptation occurs when no stimulus or response repetition takes place (Beyer, Munte, Fischer, & Krämer, 2012; Verbruggen et al., 2008) . Regarding neurophysiological correlates of posterror adaptation, a recent study observed a frontal beta power increase after action errors in a choice-RT task (Marco-Pallares et al., 2008) , which correlated with the amount of post-error slowing. The authors interpreted this as index of an inhibitory mechanism underlying adaptive control after action errors (Marco-Pallares et al., 2008) . In their view, such pFC-dependent inhibition of motor output after errors would prevent premeditated responses in the next trial and slow down RTs. A recent study replicated this post-error beta increase after failed inhibitions in an SST but did not observe any correlation with behavioral adaptations (Beyer et al., 2012) . The lacking correlation with behavior was explained with longer response-stimulus intervals, but might also be attributable to the task context. Failed inhibitions in an SST cannot be corrected and participants are typically told that they cannot prevent errors as they have to trade correct performance in stop trials off against correct and fast performance in the go task.
Distinct prefrontal regions support different subprocesses required for the SST. Thus, lesions affecting various network nodes may influence performance, but for different reasons as suggested by Picton et al. (2007) . In this study, we aimed to investigate the influence of the OFC on response inhibition and action monitoring by assessing behavioral and neurophysiological changes in OFC lesion patients. There are previous behavioral and EEG studies that have addressed this topic in patients with OFC lesions. Regarding performance in the SST, there is no strong evidence for impairment. A study by Aron and colleagues did not observe a significantly enhanced SSRT after damage to the right orbitofrontal gyrus (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003) but did so after right IFG damage. A study by Swick and coworkers using a go/no-go task showed that patients with injury in the left IFG and the insula had higher error rates than healthy controls, but patients with OFC lesions performed normally. These findings are in contrast to the prevalent and long standing view of patients with OFC injury as generally impulsive. In support of the emerging view that the principle role of the OFC may not be to exert inhibitory control over behavior, Rudebeck and colleagues reported that rhesus monkeys with complete bilateral exitotoxic lesions confined to the OFC, but sparing fibers passing through or near OFC, did not show deficiencies on tests of inhibitory control. However, the monkeys were impaired on a test requiring updating of object-outcome expectancies. A follow-up experiment indicated that loss of inhibitory control resulted from damage to neuronal projection axons coursing nearby or through OFC en route to other destinations. This study provided compelling evidence that inhibitory control is not the root function of the OFC but rather that it has a critical role in updating valuations according to current motivational states (Rudebeck, Saunders, Prescott, Chau, & Murray, 2013) .
To our knowledge, there are no studies investigating neurophysiological correlates of response inhibition in patients with circumscribed OFC lesions. Previous results regarding error monitoring in OFC lesion patients are mixed Ullsperger, von Cramon, & Muller, 2002) . Ullsperger and colleagues reasoned that ERN or Pe should be modulated by damage to the OFC given its role in motivational and emotional control over action monitoring (Ullsperger et al., 2002) . However, they found no changes in the ERN or Pe in a group of six patients with frontopolar/OFC lesions. Turken and Swick, on the other hand, found an abolished ERN in a group of four OFC patients together with reduced error correction but no changes in post-error slowing . The lesion location in the two groups differed though, as the lesions extended to the subcallosal area and pregenual ACC in the work by Turken and Swick, whereas they were located more anteriorly in the study by Ullsperger and colleagues. A modulation of error monitoring and outcome evaluation might thus be related to the rostral part of ACC, often described as the affective subdivision of ACC (Bush, Luu, & Posner, 2000) .
Because OFC has been implicated in monitoring of action outcomes and the rapid reversal of behavior in response to changing circumstances, we expected that focal damage to this region would affect electrophysiological responses to both stop trial success and failure, such as the P3, ERN, and post-stop error beta increase. To the extent that patients with OFC lesions have a reduced ability for rapid and flexible modification of behavior in response to negative outcomes (Murray, OʼDoherty, & Schoenbaum, 2007) , it was expected that they would show less post-stop error slowing than healthy controls.
METHODS Participants
We examined 12 patients with MRI-verified focal orbitofrontal lesions because of resection of a primary intracranial tumor (meningioma n = 8; low grade glioma n = 1) or contusion because of traumatic brain injury (n = 3) and 14 healthy control participants that were matched as closely as possible to the patients for age, sex, level of education, and IQ. Computation of full-scale IQ was based on the four subtests (Vocabulary, Similarities, Block Design, and Matrix Reasoning) of the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) . Functional outcome of the patients was classified using the Extended Glasgow Outcome Scale (GOSE; . GOSE is a hierarchical scale in which the patientʼs overall functional outcome is estimated based on the lowest item score obtained. Results of the betweengroup comparisons of demographic and GOSE data are presented in Table 1 . Scores on the GOSE categorized the OFC group as "Moderate Recovery, Upper level," an outcome level that characterizes patients who are capable of living an independent life despite having disabilities because of brain injury (Teasdale, Pettigrew, Wilson, Murray, & Jennett, 1998 Table 2 . Participants with a history of serious psychiatric disease, drug, or alcohol abuse requiring treatment, premorbid head injury, pre-/comorbid neurological disease, IQ < 85, substantial aphasia, visual neglect, or marked sensory impairment were excluded from participation. Testing took place at least 6 months after injury or surgery. The OFC group was tested at a mean of 29.4 (±17.4) months after injury/surgery. A neuroradiologist confirmed that the structural MRI images of the healthy control participants revealed no signs of pathology. Apart from one left-handed person in each group, the participants were right-handed. All participants reported normal acuity or vision corrected by optical lenses.
Participants gave written informed consent before participating in the study. Healthy controls received 500 NOK (approximately 80 USD) for participation in the entire research program (neuropsychological assessment, EEG, structural and functional MRI). The study was performed in accordance with the principles stated in the Declaration of Helsinki. The experimental procedures were approved by the Norwegian Regional Committee for Medical Research Ethics, Region South.
Lesion Reconstruction
Lesion reconstructions were based on structural MRIs obtained after study inclusion. Lesions were outlined by drawing manually on Fluid Attenuated Inversion Recovery (FLAIR) images of each participantʼs brain using MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron/). High-resolution T2-weighted images were used as aids to determine the borders of the lesions. The resulting lesion masks were transferred to normalized space using the Statistical Parametric Mapping software (SPM.5: www.fil. ion.ucl.ac.uk/spm/). Individual participant lesion mask, T1, and FLAIR images were first coregistered to a template T1 image and the resulting transformation parameters subsequently applied to the lesion mask. Lesions were reconstructed under the supervision of a neuroradiologist, a neurologist (RTK), and a neurosurgeon (TRM). Involved Brodmannʼs areas and lesion volumes were calculated using MRIcron. Illustrations of the traced lesions are presented in Figure 1 . , 11, 24, 25, 32, 47 10, 11, 32, 46, 47 Lesions that comprise <0.2 cm 3 in any given Brodmannʼs area are not reported. BA = Brodmannʼs area; RH = right hemisphere; LH = left hemisphere; TBI = traumatic brain injury; LGG = low-grade glioma. Values given are means (±SD). CTR = control group; OFC = OFC lesion group; GOSE = Extended Glasgow Outcome Scale; ns = not significant. 
Task and Procedure
The SST consisted of blocks of 70 lateralized presented go stimuli where arrows pointing to the right required a right button press (with the right hand index finger), and left-pointing arrows required a left button press (with the left hand index finger). The primary go task thereby corresponds to a Simon task (Simon & Rudell, 1967) with congruent and incongruent (50% of go trials each) correspondence of stimulus location and response side (Figure 2) . Each block contained 30 stop trials (30% of all trials), in which an upward-pointing arrow followed the go stimulus indicating to withhold the button press (Figure 2). Stimulus duration was 150 msec and intertrial intervals ranged from 1600 to 2000 msec. To set the timing of the stop signal delay (SSD), we followed a procedure suggested by Pliszka, Liotti, and Woldorff (2000) . The procedure starts with a fixed range of possible SSDs, which is then adapted after each block to yield an approximate inhibition rate of 50% for all participants. The SSD was initially set to vary randomly between 50 and 550 msec with the restriction that the SSD would equally likely be within each of the five 100-msec time bins in this range (i.e., 50-150, 150-250, 250-350, 350-450, and 450-550 msec) . Whereas the inhibition probability for SSDs within the 50-150 msec bin will be very high, the inhibition probability for SSDs within the 450-550 msec bin will be very low. Approximately equal distributions for successful and failed inhibitions were ensured through individually tailoring inhibitory difficulty Figure 2 . Visual SST. In go trials, participants were asked to respond to right-or left-pointing arrows with a right-or left-hand response, respectively. Stimuli were presented laterally, resulting in a Simon task with congruent go trials (first two examples) and incongruent go trials (last example). In stop trials, participants had to cancel the response when an upright arrow followed the right or left pointing arrows. The time interval between offset of the go signal and onset of the stop signal varied randomly within five SSD intervals that were initially 50-150 msec, 150-250 msec, 250-350 msec, 350-450 msec, and 450-550 msec. In each new block, mean go RT of the previous block subtracted by 550 msec was added to the five SSD intervals of the following trial.
by correcting the SSD according to RTs in correct go trials in the preceding block. Specifically, after each block, the difference between mean go RT of the previous block and maximum SSD (550 msec) was added to the SSD range for the following block. For instance, with a given mean RT of 640 msec, this would increase the SSD range by 640 − 550 = 90 msec and result in a new SSD range of 140-640 msec. Additional blocks were run until participants had at least 30 successful and 30 failed inhibitions. All stimulus presentations and response recordings were controlled using E-prime software, version 2.0 (Psychology Software Tools, Pittsburgh, PA). Participants were seated 1 m from a 24-in. computer screen.
EEG Recordings and Preprocessing
EEG data were acquired using a 128-channel HydroCel Geodesic Sensor Net and Net Amps 300 amplifier (Electrical Geodesics, Eugene, OR). Impedance was maintained below 50 kΩ, with 100 kΩ as an upper limit (Ferree, Luu, Russell, & Tucker, 2001 ). Recordings were initially referenced to Cz and off-line re-referenced to an average reference. EEG signals were sampled at 250 Hz with a 24-bit analog-to-digital converter and a DC to 125 Hz bandpass. Off-line, the EEG data were filtered with a high-pass filter of 0.5 Hz and a low-pass filter of 30 Hz. Analyses were performed with custom-written scripts in MATLAB (Natick, MA) and the EEGLAB toolbox (Delorme & Makeig, 2004) . Vertical and horizontal eye movements were corrected based on an independent component analysis as implemented in EEGLAB, and bad channels identified by abnormally distributed data (kurtosis more than 3 SD away from mean) were removed and replaced with interpolated data (spherical spline interpolation). To improve signal to noise (see below) analysis of the ERPs focused on seven clusters of four electrodes each. Trials with remaining artifacts at those channels were rejected from further analysis if the amplitude exceeded 60 μV within 1 sec before and after stimulus onset relative to baseline.
Data Analyses

Behavioral Analyses
RTs and percentage of errors were computed separately for congruent and incongruent stimuli and submitted to a repeated-measures ANOVA with the within-subject factor Congruency and the between-subject factor Group (OFC lesion patients, OFC, vs. controls, CTR). The SSRT and average SSD were also assessed separately for congruent and incongruent stimuli. An estimation of the SSRT in successful inhibitions was calculated by subtracting the participantʼs average SSD from the nth percentile of the RT distribution of correct go responses with n being the probability of failed inhibitions (Band et al., 2003) . We additionally computed the percentage of inhibitions for three stop signal bins separately and calculated the slope of the resulting function. As the SSDs were different between participants, we divided the stop trials in three bins (SSD < 350 msec, 350-550 msec, and SSD > 550 msec), which yielded roughly equal number of trials in each bin. We computed the percentage of inhibited trials for each bin and calculated the slope of the change from Bins 1 to 2 and Bins 2 to 3 by relating the difference in inhibition rate to difference in the individualʼs average SSDs for the respective bins. We computed post-stop error slowing as the RT difference between correct go trials after stop errors and those after correct go trials.
ERP Analyses
Data of go and stop trials were epoched time-locked to stimulus onset in segments from −300 to 1000 msec with a baseline from −100 to 0 msec. Additionally, responselocked ERPs from correct go trials and incorrect stop trials were epoched in segments from −300 to 1000 msec with a baseline from −300 to 0 msec. To increase signal-tonoise ratio, stop trials after congruent and incongruent go stimuli were collapsed. To assess statistical differences between the conditions, average amplitudes in the time windows of interest were subjected to repeated-measures ANOVAs. The time windows of interest were based on previous studies (Ramautar et al., 2006; Schmajuk et al., 2006) and visual inspection of the peak latency of the components of interest. Analyzed time windows for the different ERP components were as follows: go P3: 350-450 msec, stop N2: 200-250 msec, stop P3: 300-400 msec, ERN: 60-140 msec, Pe: 200-400 msec. To reduce the number of statistical comparisons and to improve the signal-to-noise ratio, we clustered electrodes over ROIs covering frontal to parietal areas (Figure 3 ). For visualization only, the data were low-pass filtered with 15 Hz.
Time-Frequency Analyses
To study group differences in the theta and beta frequency bands, single trial data were convolved with a complex Morlet wavelet: To analyze power changes in stop trials, we computed amplitude changes relative to the prestimulus baseline (−150 to 50 msec) between stop stimulus onset until 1800 msec in consecutive time windows for the frequency bands of interest. For theta, we analyzed 9 time windows of 200 msec, and for beta, we analyzed 37 time windows of 48 msec. The lengths of the chosen time periods were different to account for different cycle length of theta and beta oscillations. We focused on power changes over central midline electrodes, based on previous literature (Cavanagh, Cohen, & Allen, 2009; Marco-Pallares et al., 2008; Yeung, Bogacz, Holroyd, Nieuwenhuis, & Cohen, 2007) . For each time window, we performed a t test comparing OFC patients and controls, separately for failed inhibitions (FI), successful inhibitions (SI), and go trials (GO). To account for multiple comparisons, we considered significant only those effects that remained at p < .05 for at least three consecutive time windows (i.e., 600 msec for theta effects and 144 msec for beta effects). Time windows of significant effects were further analyzed for Condition × Group interactions by means of repeated-measures ANOVA (see Cohen, van Gaal, Ridderinkhof, & Lamme, 2009; Marco-Pallares et al., 2008 , for a similar approach).
For all statistical effects involving more than one degree of freedom in the numerator, the Huynh-Feldt correction was applied to correct for possible violations of the sphericity assumption (Huynh & Feldt, 1976) . We report the uncorrected degrees of freedom and the corrected probabilities.
RESULTS
Behavioral Data
Behavioral results are summarized in Table 3 . In total, 76-140 correct congruent trials and 68-140 correct incongruent trials were included in the analyses. Both patients and controls were slower and made more errors in incongruent compared with congruent go trials (main effect Congruency for RTs: F(1, 24) = 17.7, p < .01, and for error rate: F(1, 24) = 20.9, p < .01). Patients and controls did not differ in their performance in the go trials (main effects and interactions: p > .2). The tailoring of SSDs was successful in that participants inhibited on average about 50% of the stop trials with no differences between congruent and incongruent trials (F < 1) or between groups (F < 1). In accordance with the horse race model, RTs of stop errors were shorter than RTs of correct go trials as can be assessed from Table 3 . This held true for both congruent ( p < .001) and incongruent trials ( p < .001) and did not differ between groups ( p > .2). The difference in RTs was found in every single participant (except one control who was similarly fast in stop error and correct go trials, but only in congruent trials). The groups did not differ in their SSRT (F < 1), which was estimated to be about 179 msec in controls and 175 msec in OFC patients with no difference between congruency conditions (F < 1). Patients and controls did not differ in their average SSD in inhibited or noninhibited stop trials (both main effect Group and interaction Group × Inhibition: p > .1), but for both groups the delay in successful inhibitions was about 200 msec faster, F(1, 24) = 660.3, p < .001. A significant threefold interaction of Group × Inhibition × Congruency, F(1, 24) = 4.8, p = .038, reflected an enhanced SSD in incongruent compared with congruent failed inhibitions in the control group, whereas no such congruency effect was observed in the patients. As can be observed in Figure 3A , the two groups did not differ in the slope of their inhibition functions (Slope Bins 1-2: p > .4, Bins 2-3: p > .7). Although the difference between RTs to the subsequent go signal after stop errors and after correct go trials was significant for controls (39 msec; p = .03), but not for OFC patients (12 msec; p = .6), and patients thus showed nominally reduced post-stop error slowing compared with controls, the interaction of Group and Sequence (post-error vs. post-correct) did not reach significance ( p > .3). Both groups also slowed down after inhibited stop trials compared with go trials, F(1, 24) = 6.0, p = .022 (see Table 3 ), but did not differ significantly in the amount of post-stop inhibition slowing (F < 1). Moreover, RTs after inhibited and failed stop trials did not differ significantly in either group ( ps > .1).
ERP Results in Go Trials
We focused on the P3 and restricted the statistical analysis to the electrode cluster where it is best observed, that is, on a parietal cluster centered around Pz (see Figure 3B) . The statistical analysis of the P3 (mean amplitude = 350-450 msec) included the within-subject factor Congruency and the between-subject factor Group. The OFC group had an overall trend level increase in P3 amplitude compared with controls, F(1, 24) = 3.4, p = .08 (Figure 4) , and a significant enhancement in congruent trials, t(24) = −2.3, p = .03 (interaction Congruency × Group: F(1, 24) = 3.3, p = .08). No main effect of Congruency was observed (F < 1).
ERP Results in Stop trials
For stop ERPs, we analyzed the frontocentral stop N2 and P3. Again, statistical analyses were restricted to the electrode clusters at which the components were maximal. For both the stop N2 (200-250 msec) and P3 (300-400 msec), we subjected the mean amplitude at frontal and central electrode clusters to a repeatedmeasures ANOVA with the within-subject factors Inhibition, Anterior (frontal vs. central), and Laterality (left, midline, right) and the between-subject factor Group. Interactions between Group and Inhibition, Laterality, or Anterior were explored by performing follow-up analyses on separate levels of the relevant factor.
The stop N2 was larger in failed compared with successful inhibitions, F(1, 24) = 4.3, p = .049 (Inhibition × Anterior and Inhibition × Laterality: p < .05), particularly at the central midline clusters (main effect Inhibition: F(1, 24) = 5.8, p = .02). OFC patients showed a trend toward a reduced N2 compared with controls, F(1, 24) = 3.6, p = .07 (Anterior × Group: p = .06), which yielded significance at the central Anterior location, F(1, 24) = 5.1, p = .03 ( Figure 5A ). The stop P3 ( Figure 5A and B) did not differ between failed and successful inhibitions (main effect Inhibition: F < 1), but OFC patients showed by trend an enhanced P3 compared with controls, F(1, 24) = 3.8, p = .06 (Anterior × Group: p = .05), which was significant at the central Anterior level, F(1, 24) = 4.7, p = .04).
Response-locked ERPs
In both groups, we observed an ERN and a Pe after failed inhibitions, but OFC patients showed a diminished ERN and an increased Pe ( Figure 5C and D). For both components, mean amplitude values from a central midline electrode cluster were subjected to repeated-measures ANOVA with the factors Accuracy (stop trial failed inhibition vs. correct go trial) as within-subject factor and Group as between-subject factor. The ERN-analysis (60-140 msec) showed an interaction of Accuracy × Group, F(1, 24) = 6.98, p = .01, because of a smaller amplitude difference between correct go trials and failed inhibitions in OFC patients ( p = .048) than in controls ( p < .001). Regarding the Pe (200-400 msec), an interaction of Accuracy × Group, F(1, 24) = 4.44, p = .046, reflected an enhanced amplitude difference between failed stop trials and correct go trials in the OFC group ( p < .001) compared with controls ( p = .008).
As outlined in the Introduction, previous inconsistent results of an altered ERN in OFC patients have been explained with differences in the lesion location, specifically whether the lesions affected subgenual cingulate cortex or not. The present OFC sample included patients with BA 25/32 damage. To examine whether the ERN reduction can be attributed to BA 25/32 damage, we first determined lesion overlap with Brodmannʼs areas based on the atlas implemented in MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron/). A Brodmannʼs area was considered damaged only if the overlap exceeded 0.2 cm 3 . The difference in ERN amplitude between single patients and the mean of the control group were then computed using the Crawford and Howell (1998) method as recommended by Crawford and Garthwaite (2012) . Three patients had an ERN that was statistically different from controls, and all had BA 25/32 damage; three of the remaining nine patients with a normal ERN also had BA 25/32 damage.
Time-Frequency Results in Go and Stop Trials
We did not find any significant group differences in the theta band, neither for stop-nor go trials. The lack of theta effects did not depend on the threshold of three significant time windows as there were neither any group differences without this threshold. In the beta band, we observed specific group differences after stop trials. By directly comparing the two groups (see Methods section), OFC patients showed an increased beta response after error trials between 1250 and 1630 msec ( Figure 6A and B) and after successful inhibitions between 1440-1680 msec. OFC patients showed a stronger beta decrease in go trials around the response, that is, between 580 and 830 msec. To test for interactions, we subjected the mean power change between 1250 and 1600 msec to a repeatedmeasures ANOVA with the factors Group and Condition (FI, SI, and GO), which confirmed an interaction of Condition and Group, F(2, 48) = 6.04, p < .01 ( Figure 6C ). As can be observed, both groups showed a beta increase after stop trials, particularly after failed inhibitions ( Figure 6C ), but this beta increase was more pronounced and persisted longer in the OFC patients compared with the controls ( Figure 6A ). To ensure that the results are not caused by the selected time windows, we also assessed group differences in the post-error beta increase for every sample, which yielded very similar results (significant group differences between 1420 and 1580 msec). It should be noted that group differences in the beta effect did not survive Bonferroni or false discovery rate correction for multiple comparisons.
To further investigate the beta findings, we examined the lesion specificity in the patients who showed this prolonged beta response. In Figure 6D , the beta response after stop errors is shown for each individual participant with color coding of patients whose lesion included BA 25 or BA 32 (shown in red circles) and those that did not (green squares). As can be observed, five of six patients with BA 25/32 lesion had a significantly increased beta The overlap represents regions that were damaged at least 50% more frequently in patients with increased beta response than in the others.
response, whereas only two of six without BA 25/32 lesion showed increased beta power. This can also be observed from the results of a lesion subtraction analysis that we performed (Karnath, Fruhmann Berger, Kuker, & Rorden, 2004) , depicted in Figure 7 . For this analysis, a lesion overlap image was created of the group of participants who showed a deficit (here: an increased beta response) and an image of those that did not. In the second step, one image was subtracted from the other, and the resulting image provided the relative lesion probability in the "impaired" subgroup relative to the other. It should be stressed that the results have to be interpreted very cautiously and can only provide a hint for future studies as the number of patients is quite small. This approach is not a voxel-wise statistical analysis (Karnath et al., 2004) either as such analysis would not be warranted by this small sample. This said, one can notice that the subgenual cingulate gyrus and medial OFC were lesioned more often in those who showed an increased beta response compared with those who did not.
DISCUSSION
We investigated the behavioral and electrophysiological correlates of response inhibition and performance monitoring in a challenging SST in patients with focal OFC lesions and in healthy controls. OFC lesion patients did not show any behavioral impairment, but several altered neurophysiological responses. Specifically, the stop N2 and ERN were found to be diminished, whereas the stop P3, the Pe, and the post-stop error beta increase were augmented in OFC patients. The results demonstrate that the OFC is not critically involved in response inhibition per se, but that it modulates measures of action monitoring and action outcome evaluation. The results are discussed with respect to current models of inhibitory control and action monitoring.
Behavioral Results
There were no significant behavioral differences in the SST between the OFC-lesioned patients and the healthy control participants. The experimental manipulation of stimulus congruency (i.e., location of go signal in relation to required response hand) had similar effects on the various performance measures in both groups. As expected, the incongruent condition resulted in augmented go signal error rates and RTs. OFC patients and controls responded to go signals with similar speed and high accuracy. The on-line response-tracking algorithm employed to individually adjust stop signal intervals was effective in obtaining approximately 50% successful inhibitions in both groups. The similarity across groups in both SSRT and the slope of the inhibitory function over SSDs indicates that circumscribed OFC lesions do not impair response suppression in the SST. Null findings are generally difficult to interpret though, and one might argue that we were lacking power to detect any behavioral group differences with our small sample size. However, the SSRTs of the two groups were virtually identical (Table 3) and not comparable to group differences found with, for example, ADHD children (Schachar et al., 2007; Pliszka et al., 2000) . Moreover, previous studies on patients with focal frontal lesions were able to detect behavioral differences despite having similar or even smaller sample sizes (Krämer et al., 2013; Voytek et al., 2010) . The result fits with current models of motor response inhibition, which do not ascribe a critical role to the OFC (Rudebeck et al., 2013; Aron, 2011; Munakata et al., 2011) and in accordance with prior reports of normal performance in OFClesioned patients in the SST (Aron et al., 2003) and the go/no-go task (Swick, Ashley, & Turken, 2008) .
Although the patient group nominally showed less poststop error slowing compared with the control group, the difference did not reach significance. The finding suggests that the OFC-lesioned patients were able to flexibly adjust behavior in response to stop errors. It should be mentioned though that it has been debated whether post-error slowing in general, and specifically in the SST, reflects cognitive control and behavioral adjustments or simply priming (Beyer et al., 2012; Verbruggen et al., 2008) .
Despite similar task performance, there were differences between OFC patients and controls in several concomitantly recorded electrophysiological parameters. The results showed systematic group differences in the magnitude of ERP components related to action monitoring and action outcome evaluation.
OFC Lesions Reduce Stop N2 and ERN
Stop trials elicited a frontally distributed negative polarity potential, previously denoted the stop N2. OFC lesion patients showed by trend a generally decreased stop N2, but the stop N2 amplitude in both groups was larger in unsuccessful compared with successful inhibition trials. The latter finding is difficult to reconcile with a pure inhibitory function of the N2. The stop N2 has also been linked with conflict or action monitoring rather than response inhibition (Huster et al., 2013) , although much of the support for this interpretation comes from go/no-go studies and not SSTs. According to this interpretation, the enhanced stop N2 to failed response suppressions would indicate greater response conflict compared with successful inhibitions. An enhanced stop N2 in failed relative to successful stop trials has been suggested to reflect a greater significance of stop signals in trials in which participants fail to cancel the imminent response to the go signal (Ramautar et al., 2006) . In this study, the results may indicate that both study groups perceived greater response conflict and/or assigned a greater signal value or meaningfulness to the failed compared with the successful inhibition trials, but this effect was generally dampened in OFC patients. It should be noted that this effect yielded significance only on a trend level. Future studies are therefore needed to replicate this finding. Alternatively, the stop N2 in error trials might essentially reflect the ERN or at least overlap with the ERN, which would explain the increased N2 in failed compared with successful inhibitions. Future studies should examine more systematically to what extent the stop N2 and ERN reflect distinct processes (which are possibly overlapping in stop error trials) or rather a more general action monitoring system.
Response-locked analyses suggested diminished error monitoring in the patients manifesting in decreased ERN following failed inhibitions compared with the controls. In contrast, OFC patients had increased amplitude of the subsequent Pe component (discussed below). Both the ERN and the Pe are considered neurophysiological markers for error monitoring processes, but are thought to reflect dissociable aspects of monitoring (Burle, Roger, Allain, Vidal, & Hasbroucq, 2008; Overbeek et al., 2005; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, et al., 2001) . The ERN has been thought to index early automatic error detection resulting from a comparison process discerning a mismatch between the actual and the intended movement or activity in a conflict monitoring system that is not specific to errors (Botvinick, Cohen, & Carter, 2004; Yeung, Botvinick, & Cohen, 2004) . The latter account would be in agreement with the functional role of the dorsal ACC, which has been identified as the primary neural generator for the ERN (Stemmer, Segalowitz, Witzke, & Schonle, 2004; Ito, Stuphorn, Brown, & Schall, 2003) . ACC has been found to play a critical role in conflict monitoring and error detection (Rushworth, Kennerley, & Walton, 2005; Gehring & Fencsik, 2001 ), but findings of ACC activation also in the absence of overt error indicate that it contributes to prevention of errors through continuous action monitoring (Huettel & McCarthy, 2004; Ullsperger & von Cramon, 2001) .
Ventromedial sectors of the OFC are connected with the dorsal ACC via the cingulum bundle (Schmahmann et al., 2007) . Moreover, the ventromedial pFC encompasses the rostral ACC, which is involved in affective processes (Bush et al., 2000) . Notably, some studies suggest that the ERN may be at least partly distinguishable from purely cognitive factors and may rather reflect the emotional reaction to committing an error (Hajcak & Foti, 2008; Vocat, Pourtois, & Vuilleumier, 2008; Gehring & Willoughby, 2002) . In this study, the altered ERN may reflect a direct disruption of the OFC/rostral-ventral "affective" subdivision of ACC and/or a distant modulatory influence of the OFC over the rostral-dorsal ACC. In support of the latter, error-related intracranial potentials have been recorded at shorter latencies in the OFC compared with the rostral ACC (and dorsolateral pFC; Brazdil et al., 2002) . In support of the reduced ERN reflecting a direct disruption of ACC, we found that all patients with an ERN that differed from controls had a lesion that encompassed the BA 25/32 (subgenual cingulate gyrus), whereas only a third of the patients with a normal ERN had damage in this area. It should be mentioned as a cautionary note that any claim about Brodmannʼs areas affected by lesions should be interpreted carefully as it is not possible to directly infer upon cytoarchitectonic structure based on the MRI data.
Our results are concordant with Turken and Swick, who reported an attenuated ERN but preserved Pe in four patients with extensive OFC lesions performing a variant of the Stroop paradigm . As found in our OFC sample, the patients had normal post-error slowing, but three had lower than normal error correction rates. All patients had lesions that included perigenual ACC, but that largely spared the dorsal "cognitive" sector of ACC. Ullsperger et al. did not observe changes in the ERN or Pe in patients with frontopolar damage encompassing the anterior part of the OFC, but sparing the perigenual ACC (Ullsperger et al., 2002) . Altogether, the studies suggest that OFC damage extending to peri-or subgenual ACC diminishes the ERN, possibly via changes in modulatory effects on the performance monitoring system subserved by dorsal ACC.
OFC Lesions Augment Stop P3, Pe, and Post-stop Error Beta Response
Evidence suggests that the Pe can be distinguished from the ERN both in functional and neuroanatomical terms. Although both the ERN and the Pe are modulated by error awareness, the Pe awareness effect has been suggested to reflect a more binary decision (i.e., error or correct) regarding the error whereas the magnitude of the ERN is more sensitive to the subjective level of confidence that an error was committed (Navarro-Cebrian, Knight, & Kayser, 2013; Shalgi & Deouell, 2012) . Dipole source localization indicated that the Pe had generators in the posterior cingulate cortex (PCC; see also OʼConnell et al., 2007) . The results from this study support the notion that the ERN and Pe are dissociated as OFC-lesioned patients had attenuated ERN whereas the ensuing Pe was augmented compared with healthy controls. In line with the interpretation offered by Turken and Swick for their finding of dissociable ERN and Pe effects in OFC patients , the increased Pe despite an attenuated preceding ERN suggests that error signals were indeed processed by the action monitoring system. A likely participating node in this network would be the PCC (Vocat et al., 2008) , which was unaffected in our OFC-lesioned group. Recent studies suggest that PCC neurons encode environmental outcomes and have a role in the dynamic allocation of neural resources to motivationally significant information (Pearson & Platt, 2013; Hayden, Nair, McCoy, & Platt, 2008) . We suggest that the enhanced Pe may be because of altered OFC-PCC functional connectivity.
Comparison of experimental antecedents, morphology, and topographical distribution of the Pe and the P3, the latter being a slow positive deflection typically evoked by any motivationally significant event, suggests that both components share several characteristics. In their review of the functional meaning of the Pe, Overbeek and coworkers claimed that it may constitute a P3 associated with the motivational significance of the error (Overbeek et al., 2005) . Following this interpretation, the increased Pe in our OFC-lesioned patients implies that they perceived failures as more motivationally important.
In go as well as stop trials, the N2 was succeeded by a prominent P3 component. OFC patients tended to have an enhanced frontocentral P3 to go trials compared with controls, which was significant for congruent trials. In contrast to the stop N2, the stop P3 was not modulated by the result of the stop process, as it did not significantly differ between failed and successful response cancellations in either group. Independent of inhibition outcome, OFC patients displayed significantly augmented P3 amplitudes at central electrode clusters compared with controls. It has been proposed that the anterior midline stop P3 occurs too late to reflect response inhibition itself, although inferring the exact timing of an underlying process from the componentʼs peak latency, for instance, is problematic (Luck, 2005) . In this study, the positive deflection only started around 300 msec, which is well after the SSRT. The stop P3 might rather correspond to an aftereffect of inhibition such as the evaluation of the inhibitory process or its outcome (Huster et al., 2013; Bruin, Wijers, & van Staveren, 2001 ). The present finding of a slightly enhanced stop P3 regardless of inhibition outcome suggests that the OFC is involved in evaluative and updating processes associated with the result of the stop process, although this effect reached significance only for the central electrode cluster. Our ERP findings are in agreement with the view that the orbitofrontal and cingulate cortex, both of which have strong reciprocal connections with the BG (Huster et al., 2013; Rosenbloom, Schmahmann, & Price, 2012; Tekin & Cummings, 2002) , play key roles in representing links between actions and outcomes (Hayden & Platt, 2010; Schoenbaum, Roesch, Stalnaker, & Takahashi, 2009) , as well as in implementing behavioral change following unfavorable outcomes (Pearson & Platt, 2013) . Given the OFCʼs role in motivational processing, one might have also expected a reduced instead of an enhanced Pe and P3. However, the SST is challenging as two contradictory subtasks (the primary go task and the stop task on a subset of trials) have to be performed. Any evaluation of the motivational significance thus has to take the context into account to balance performance in the go task and the stop task. It might be the evaluation of performance with respect to the current motivational state and context that the OFC is needed for (Rudebeck et al., 2013) , resulting in an overall increased P3 and Pe in pFC lesion patients. This is, however, clearly speculative and further studies are needed that directly manipulate motivational significance to clarify the functional changes resulting from OFC damage.
It has recently been suggested that oscillatory activity in the beta frequency range is important for long-range communication within an inhibition network that includes pFC and BG nodes (Swann et al., 2012; Aron, 2011) . In this study, both patients with OFC damage and controls showed increased central beta power in stop versus go trials and further increased beta after failed compared with successful inhibitions about 1200-1600 msec post-stop signal onset. Beta increase after movement termination is a well-established phenomenon that has been associated with deactivation or inhibition in the motor cortex (Neuper & Pfurtscheller, 2001) . Recently, studies have reported increased beta power after action errors. Marco-Pallares and colleagues reported a late beta increase with a frontocentral maximum following choice errors in an Eriksen flanker task (Marco-Pallares et al., 2008) . Beyer et al. observed enhanced frontal beta power after failed inhibitions in an SST (Beyer et al., 2012) . The beta increase in these studies had a different topography than the typical motor event-related synchronization, suggestive of prefrontal midline sources such as pre-SMA or ACC. The effects were interpreted as reflecting an inhibitory mechanism underlying adaptive control after action errors or as indexing an immediate reaction to the error. In this study, we replicated the increased beta power after stop errors. As in the study by Beyer et al. (2012) , the beta increase was transient in the controls and returned toward baseline around the onset of the next trial (which was on average around 1300 msec after stop signal onset). Interestingly, the beta increase after stop errors in this study was stronger and persisted longer in the OFC compared with the control group. As can be assessed from Figure 6D , 7 of 12 patients showed an increased beta response compared with controls, which resulted in a group difference that was overall not very strong and did not survive false discovery rate or Bonferroni correction for multiple comparisons. Clearly, future studies are needed to replicate this finding. However, single-subject and lesion subtraction analyses suggested systematic anatomical differences possibly accounting for group heterogeneity. Specifically, patients with a significantly enhanced beta response had more often lesions affecting BA 25/32 than those who had an average beta response. Again, given the small sample size, caution is warranted in interpreting this finding, which might rather serve to generate hypotheses for future studies. Regardless of the precise functional significance of the post-error beta increase, the augmented beta of the OFC patients might reflect altered modulation of activity in a frontal-BG network, possibly related to action outcome evaluation or adaptive control after errors.
Limitations and Conclusions
This study cannot resolve whether increased stop error beta and Pe as well as stop P3 in the OFC patients reflect late cognitive mechanisms compensating for disrupted early conflict or error processing or, alternatively, disinhibition of neural activity because of deficient modulation by the OFC. It should be noted that enhanced magnitudes of both early sensory and later cognitive ERPs have been reported in previous studies of patients with OFC damage (Solbakk, Reinvang, Svebak, Nielsen, & Sundet, 2005; Rule, Shimamura, & Knight, 2002; Hartikainen, Ogawa, Soltani, & Knight, 2001 ) and were suggested to reflect disinhibition of neural processes resulting from impaired OFC-mediated top-down control. Although different interpretations for altered electrophysiological responses may not be incompatible, it is of interest that OFC damage had differential effects on EEG indices of cognitive processes elicited by distinct task parameters in this study.
In summary, patients with chronic focal OFC damage and healthy controls exhibited similarities in several performance measures as well as in qualitative characteristics of electrophysiological responses to the SST. Although response inhibition itself was not impaired, as indicated by the normal SSRT, findings of diminished stop N2 and ERN suggest that OFC injury impacted action monitoring. Moreover, the increased stop P3, Pe, and post-stop error beta response suggest that OFC injury affected action outcome evaluation, possibly through interactions with the cingulate cortex. The findings of this study support the notion that the OFC is not only recruited in processing of tangible behavioral reinforcers such as food and money, but also in processing of more abstract reinforcers such as performing correctly (Elliott & Deakin, 2005) . Importantly, the findings add human lesion, behavioral, and electrophysiological support to the gradually accruing contention (e.g., Rudebeck et al., 2013; Schoenbaum et al., 2009 ) that the OFC serves a critical role in outcome expectation and evaluation of its motivational value rather than in behavioral inhibition.
